Aim: To establish the mechanism underlying the improvement of glucose toxicity by Astragalus polysaccharide (APS), which occurred via an AMP activated protein kinase (AMPK)-dependent pathway. Methods: In vivo and in vitro effects of APS on glucose homeostasis were examined in a type 2 diabetes mellitus (T2DM) rat model. The T2DM rat model was duplicated by a high-fat diet (58% fat, 25.6% carbohydrate, and 16.4% protein) and a small dose of streptozotocin (STZ, 25 mg/kg, ip). After APS therapy (700 mg·kg -1 ·d -1
Introduction
Diabetes mellitus is a prevalent chronic disease in modern society. After heart disease and cancer, it represents the third cause of death in terms of human diseases. Type 2 diabetes mellitus (T2DM) is the major form of diabetes mellitus and is associated with insulin resistance, obesity, hyperglycemia, hyperlipidemia, and chronic inflammation, among other symptoms. With the increase in the number of elderly, the prevalence of obesity, and increasing incidence of more blood vessel diseases such as atherosclerosis, the number of T2DM patients is expected to reach 300 million by the year 2025 [1] . T2DM has become a tremendous global health problem in the 21st century, especially with its multiple complications involving heart, kidney, foot, and retina, etc. Therefore, the prevention and therapy of T2DM is very important and urgent. Typical drug treatments for T2DM include insulin sensitizers such as rosiglitazone and absorption of glucose inhibitors such as metformin [2, 3] . Although effective at reducing the process of T2DM, these drugs also cause adverse side effects in the body. In contrast, traditional Chinese medicines and their extractions have proven availability and effectiveness to treat T2DM and its complications.
Radix Astragali (the root of Astragalus membranaceus Huangqi) is a common traditional Chinese medicine that has a long history as a Chinese herbal. It is used in the treatment of diseases of the heart, liver, and kidney. In western herbal medicine, Radix Astragali can also be used in immune system disorders, viral infections, and even cancer [4] [5] [6] . Of interest to the present study is that Radix Astragali has been reported to have an antidiabetic effect, although its pharmacological properties and the mechanisms underlying its antidiabetic effects are not yet clear. Astragalus polysaccharide (APS) is the polysaccharide component of the ethanol extract of Astragalus roots and is the active component of Astragalus. In a previous study, we found that treatment with APS lowers blood sugar by decreasing the expression and activity of protein-tyrosine phosphatase 1B (PTP1B) in the skeletal muscles of T2DM rats [7] . We also found that APS can improve insulin sensitivity, Astragalus polysaccharides alleviates glucose toxicity and restores glucose homeostasis in diabetic states via activation of AMPK www.nature.com/aps Zou F et al Acta Pharmacologica Sinica npg which is coupled with an enhanced adaptive capacity of the endoplasmic reticulum [8] . Blood glucose measurement reflects the amount of sugar being transported in vivo in the bloodstream. One of the main outlets for blood glucose is via transit to the liver and muscle for conversion to glycogen and storage. Another is utilization by cells, which then release energy by oxygenolysis for general metabolism. The glucose transporter 4 (GLUT4) is the key signaling molecule that coordinates glucose conversion and metabolism with glucose transport. In response to a signal, GLUT4 is translocated from the cytoplasm to the plasma membrane, where it facilitates the entry of glucose into the cell and produces a marked cellular response [9, 10] . When pathogenic factors disturb the translocation of GLUT4, the cells cannot utilize glucose, which accumulates and causes the harmful condition known as "glucose toxicity" [11] . In the case of T2DM, enhancement of glycogen synthesis and GLUT4 translocation, as well as augmentation of glucose uptake, have been strategies taken to avoid the glucose toxicity associated with diabetes.
In addition to the classical insulin signal pathway, the translocation of GLUT4 to the plasma membrane is also regulated by an adenosine monophosphate-activated protein kinase (AMPK) signal pathway [12] . AMPK is a type of highly conserved serine/threonine protein activating enzyme and is found primarily in the heart, skeletal muscle, liver, pancreas, etc. AMPK belongs to a family of energy sensing enzymes that are activated under conditions signifying cellular stress. These stresses usually result in a change in the intracellular ATP-to-AMP ratio, thus the AMPK pathway acts essentially like a "fuel gauge". Following activation, AMPK functions to restore cellular ATP by inhibiting ATP consumption as well as accelerating ATP generation. AMPK activity can also cause insulin sensitization and can modulate blood glucose levels through its action on liver and muscle [13] . AMPK activation also regulates lipid oxidation and synthesis.
Another major action of AMPK is to stimulate GLUT4 translocation in muscle. Activation of AMPK increases glucose uptake and causes translocation of GLUT4 from microvesicles to the plasma membrane. Metformin and berberine have been shown to stimulate AMPK activity in muscle and liver cells via discrete mechanisms [14, 15] . This activation of AMPK can also increase the glycogen content and activity of glycogen synthase (GS), a key enzyme in glycogen synthesis [16, 17] . The AMPK pathway is a potential target for therapeutic treatment of T2DM. Therefore, identification of novel AMPK activators would be a new strategy for the T2DM treatment.
The aim of this study was to determine whether APS plays a direct role in alleviating glucose toxicity in vivo and in vitro. In addition, we also investigated whether the hypoglycemic effects of APS involve the AMPK signal pathway.
Materials and methods

Preparation of APS extracts
Astragalus membranaceus (Fisch) Bunge var mongholicus (Bunge) Hsiao were purchased from Shanghai Medicinal Materials (Shanghai, China). Astragalus polysaccharide (APS) was extracted with optimized techniques using direct water decoction, as described previously [18, 19] . The resulting polysaccharide extract was dialyzed against several changes of water and then lyophilized. Carbohydrate content of the final product was 96.1%. Three subtypes of APS were defined by phytochemical screening: APS I, II, and III (1.47:1.21:1). APSI consisted of D-glucose, D-galactose, and L-arabinose in molar ratios of 1.75:1.63:1 and had an average molecular weight of 36 300 kDa. Both APSII and APSIII were α-1,4-linked dextrans that contained exiguous α-1,6-linkages. APS was a hazelcolored and water-soluble powder. It was diluted to 12% in normal saline prior to use. The identity of the extract was confirmed by the Department of Authentication of Chinese Medicine, Hubei College of Chinese Traditional Medicine (Wuhan, China).
Rat experiments
Forty four male Sprague-Dawley (SD) rats (220-250 g) supplied by the Animal Experimental Center of Wuhan University (ABSL-3) were acclimatized in communal cages at 22 °C, with a 12-h light/12-h dark cycle, then were randomly divided into A group (n=20) and B group (n=24). Rats from A group were fed with standard chow diet, while rats from B group were fed with a high-fat diet (58% fat, 25.6% carbohydrate and 16.4% protein). At the end of the 8th week, rats from B group were treated with a small dose intraperitoneal injection of streptozocin (STZ, 25 mg/kg) [20] . The OneTouch ® Ultra ® Blood Glucose Test System Kit (Lifespan Company, USA) was used to detect blood glucose. We used the data of random blood glucose (≥11.1 mmol/L) and oral glucose tolerance tests (OGTT) as the standards for determination of successful induction of diabetes. The OGTT was performed after a 16 h overnight fast. Glucose (2 g/kg) was administered orally and blood was collected from the orbital sinus at 0, 30, 60, and 120 min. The rats that were not diabetic were subsequently given a semi-dose intraperitoneal injection of STZ (12.5 mg/kg). Diabetic rats from the B group were randomly divided into two groups at the end of 9th week: diabetes mellitus group (DM group, n=8), diabetes mellitus+APS group (DA group, n=8). At the same time, the A group was randomly divided into another two groups: a control group (C group, n=10), and a control+APS group (CA group, n=10). The DA and CA groups received APS therapy (700 mg·kg -1 ·d -1 ,ig) for 8 weeks. The C and DM groups were given equal volumes of saline (Table 1) . Body weight and blood glucose were recorded weekly. OGTT tests were performed after a 16 h overnight fast. Fasting blood glucose, serum insulin, and glycosylated hemoglobin (GHb) were measured before euthanasia of the rats. Insulin content was determined by Radioimmunoassay (RIA). Insulin sensi- [21] . The rats were killed, then liver and skeletal muscle samples were rapidly excised and snap frozen in liquid nitrogen.
Hepatic glycogen content assay and glycogen staining Fresh liver samples were put into phosphate buffered saline (PBS) to remove the blood, then weighed after drying sufficiently with filter paper. Glycogen was measured with a glycogen assay kit following the manufacturer's instructions. For hepatic glycogen staining, samples were fixed in 4% paraformaldehyde for 24−48 h, then embedded in paraffin, and sectioned into 6 mm slices. Hepatic glycogen was stained with the periodic acid/leucofuchsin method (PAS) [22] . Prunosus particles were observed in the cytoplasm following staining.
Preparation of plasma membranes of skeletal muscle
Purified plasma membranes were disrupted by sonication to release caveolae and then subjected to linear sucrose gradient ultracentrifugation [23, 24] . The cells from skeletal muscle were lysed on ice in 10 mL lysis Buffer A (0.32 mol/L sucrose, 5 mmol/L Tris-HCl (pH 7.5), 120 mmol/L KCl, 1 mmol/L EDTA, 0.2 mmol/L PMSF, 1 μg/mL Leupeptin, and 1 μg/mL Aprotinin). Cell debris and nuclei were removed by centrifugation at 1000×g for 10 min. A plasma membrane-containing pellet was obtained by centrifugation of supernatant at 15 000×g for 30 min. The pellet was resuspended in Buffer B (20 mmol/L HEPES, 10% glycerol, 2% Triton X-100, 1 mmol/L EDTA, 1 mmol/L EDTA, 0.2 mmol/L PMSF, 1 μg/mL Leupeptin, 1 μg/mL Pepstatin A, 1 μg/mL Aprotinin). The lysates were solubilized for 2 h at 4 °C and then centrifuged for 30 min at 10 000×g. The supernatant was used as the purified plasma membrane preparation.
Cell culture and pretreatment with APS Mouse C2C12 cells, the target cell line, were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum supplemented with 100 U/mL penicillin,100 μg/mL streptomycin, and 2 mmol/L L-glutamine in a humidified atmosphere with 5% CO 2 at 37 °C. Differentiation into myotubes was induced as previously described [25] . The cells were plated at a density of 3×10 4 cells/cm 2 and maintained in culture medium for 24 h before treatment. The medium was changed every 48 h. The C2C12 cells were pretreated with APS (50−400 μg/mL) for 24 h.
MTT viability assays.
The cell viability assay was based on the MTT (3-[4,5-2-yl]-2, 5-diphenyltetrazolium bromide) method. Briefly, 1×10 4 /mL cells were cultured in each well of a 96-well microtiter plate and allowed to attach for 24 h. The cells were then cultured in serum-free medium for 12-24 h and treated with various doses of APS (50-400 μg/mL) for another 24 h. The media were removed and 20 µL of 5 mg/mL MTT in PBS was added to each well, followed by incubation at 37 °C. After 4 h, 150 µL of DMSO was added to dissolve the formazan crystals. The optical density was read at 570 nm.
Glucose uptake assay Glucose uptake in C2C12 cells was measured using the 2-deoxy- [ 3 H]-D-glucose method, as previously described [26] . The cells were cultured on 12-well cluster dishes, washed in phosphate-buffered saline (PBS) and incubated for 20 min. The cells were then incubated for 20 min in PBS containing 50 μmol/L 2-deoxy-[
3 H]-D-glucose (0.01 μCi/nmol). The reaction was terminated by placing the plates on ice and adding ice-cold PBS. After washing three times with PBS, the cells were dissolved in 0.1% SDS. The amounts of labeled glucose taken up by the cells were assessed by liquid scintillation counting.
Western blotting analysis
The cell lysates from liver, skeletal muscle or C2C12 cells were prepared in 1 mL lysis buffer (20 mmol/L Tris, pH 7.5, 5 mmol/L EDTA, 10 mmol/L Na 4 P 2 O 7 , 100 mmol/L NaF, 2 mmol/L Na 3 VO 4 , 1% Nonidet P-40, 1 mmol/L phenylmethylsulfonylfluoride (PMSF), and 10 μg/mL aprotinin) on ice in 1.5 mL microtubes. The lysates were solubilized by continuous stirring for 1 h at 4 °C, then centrifuged for 10 min (cells) or 30 min (tissues) at 14 000×g. The supernatants were collected and protein concentrations were measured with BCA protein assay reagent. The cell lysates were subjected to SDS-PAGE. After blotting, membranes were blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h and then incubated with primary antibodies for 16 h at 4 °C. These included antibodies against AMPKα (Cell Signaling Technology), phosphor-AMPKα(Thr172) (Upstate), phosphor-acetylCoA carboxylase (Ser79) (Upstate), acetyl-CoA carboxylase (Upstate), GLUT4 (Cell Signaling Technology), phospho-glycogen synthase (Ser641) (Cell Signaling Technology), glycogen synthase (Cell Signaling Technology) and actin (Santa Cruz). After three washes in Tris-buffered saline containing 0.1% Tween 20, the membranes were incubated with anti-mouse or anti-rabbit IgG antibodies for 1 h. The proteins were detected with an ECL system (KPL Amersham).
Statistical analysis
All values are expressed as mean±SEM. Statistical significance was determined using ANOVA followed by t-tests. P<0.05 was considered statistically significant.
Results
Effect of APS treatment on glucose metabolism and insulin sensitivity in a STZ-induced rat model Characteristics of the animal model To evaluate the in vivo effects of APS, we analyzed the basic indices of the animal models. Random blood glucose, fast blood glucose, glycosylated hemoglobin (GHb) and OGTT were measured as routine protocols. At the end of the 9th week, we found that the random blood glucose levels of rats 
Insulin sensitivity
No significant differences in insulin levels were noted between the C group and the DM group (Table 2, P>0.05). In addition, treatment with APS had no effect on insulin levels in DM rats ( Table 2 , P>0.05). However, since the results of OGTT at all time points from the DA group were obviously lower than for the DM group (Figure 1, P<0.05) , we next calculated the HOMA-IR index among the four different groups. The HOMA-IR index of the DM group was higher than that in the C group (Table 2, P<0.05). This supported the conclusion that our animal model was experiencing insulin resistance. The HOMA-IR index for the DA group was lower than for the DM group (Table 2, P<0.05).
With the results mentioned above, we concluded that APS had the potential of improving glucose homeostasis. In addition, APS could increase insulin sensitivity, but not through changing the insulin levels in the animal model.
APS increases hepatic glycogen content and restores hepatic glucose homeostasis
There was a significant reduction in hepatic glycogen content in the DM group (Figure 2A, P<0.05 ). After APS treatment, the numerical value in DA group increased (Figure 2A , P<0.05). Consistent with this, hepatic glycogen staining also showed a significant augmentation of glycogen synthesis in DA group ( Figure 2B ). The hepatocytes of the DM group were clearly swollen and showed rarefaction of the cytoplasm. The number of glycogen particles also decreased in the DM group, as viewed under the microscope. Glycogen particles clearly increased in the DA group ( Figure 2B ). Thus, APS treatment promoted glycogen synthesis in the livers of diabetic model rats.
When glycogen synthase is dephosphorylated at Ser641, the enzyme is activated [27] . APS treatment significantly reduced glycogen synthase phosphorylation at the Ser641 site (P-GS) ( Figure 2C, P<0.05) . The protein expression of GS showed no significant differences among the four groups ( Figure 2C, 
P>0.05).
APS activates AMPK in skeletal muscle in T2DM rats
AMPK is a key regulatory protein in glucose signal transduction. The protein expression of AMPKα showed no significant difference among the four groups (Figure 3, P>0.05) . However, the phosphorylation of AMPKα (P-AMPKα) was significantly decreased in the skeletal muscle of the DM group compared to the C group (Figure 3, P<0.05) . After APS treatment, the phosphorylation level was higher in the DA group than in the DM group (Figure 3, P<0.05) . 
APS increases the expression of GLUT4 of plasma membrane in skeletal muscle in T2DM rats
The expression of GLUT4 in plasma membrane extracts and cell extracts of the DM group was lower than in the C or CA group (Figure 4, P<0.05) . The expression in the DA group was notably higher than in the DM group (Figure 4, P<0.05) . APS treatment increased the expression of GLUT4 in the plasma membrane extract and the cell extract, indicating stimulation of GLUT4 translocation in muscle.
Thus, APS treatment apparently increased the activity of AMPK and restored glucose homeostasis in liver and skeletal muscle in the animal model.
Effects of APS treatment on the C2C12 cell model and the high glucose-treated C2C12 cell model APS activates AMPK in the C2C12 cell model
When different concentrations of APS (50, 100, 150, 200, or 400 μg/mL) were provided to C2C12 cells, no toxicity was observed with the MTT assay for concentrations up to 200 μg/mL (data not shown). Thus, concentrations of up to 200 μg/mL were used in subsequent experiments. For dosedependency studies, cells were incubated in serum-free media for 8 h, and then with the desired concentrations of APS for 48 h. The activity and expression of AMPKα were measured by Western blotting of phosphorylated AMPKα (P-AMPKα) and AMPKα. A positive control, 5-amino-4-imidazolecarboxamide ribonucleotide (AICAR), which can directly stimulate AMPK activity, was also included [28] . The activity of AMPK was increased by an increased concentration of APS (50−200 μg/mL) ( Figure 5 ). No significant difference was observed in the expression of AMPKα among the four groups ( Figure 5 ). We further attempted to determine whether APS-enhanced glucose uptake was mediated by AMPK. Compound C, which is a highly-selective AMPK inhibitor, as assessed by a direct enzyme assay [29] , had no effect on insulin-induced glucose uptake. It could, however, effectively block APS-induced glucose uptake (Figure 6, P<0.05) , indicating involvement of the AMPK pathway in these APS effects.
Effect of APS treatment on the high glucose-treated C2C12 cell model
High glucose treatment (HG, 30 mmol/L) of C2C12 cells induced a reduction in AMPK activity. Treatment with APS increased AMPK activity in the HG cell group ( Figure 7A ). APS also increased glucose uptake into the HG cell group. However, this effect could be suppressed by the AMPK inhibitor, Compound C ( Figure 7B) .
In a conclusion, APS could alleviate glucose toxicity through increases in the AMPK pathway activity in the C2C12 cell model. Of more concern, children and adolescents have now also begun to be affected, due in large part to childhood obesity that is currently increasing in many countries [30, 31] . Insulin resistance is the crucial link in T2DM. This resistance can be directly induced by hyperglycemia, and it is often associated with an imbalance between pancreatic endocrine function and the insulin sensitivity of insulin responsive tissues. Glucose toxicity, which is caused by hyperglycemia, has become an important cornerstone in the development of T2DM. Among the three major insulin responsive tissues (fat, muscle, and liver), the liver and muscle play the central role in the control of glucose homeostasis, balancing glycogen synthesis in liver and glucose transport in muscle. As a result, controlling these functions may efficiently resolve glucose toxicity.
In the present study, we adopted a small dose intraperitoneal injection of STZ (25 mg/kg) and a high-fat diet after 8 weeks to duplicate the animal model of T2DM. The small dose injection of STZ can selectively impair pancreatic β cells. Coupled with a prolonged period of a high-fat diet, the rats in the present study rapidly developed T2DM. The successful diabetic animal models showed hyperglycemia, high postprandial blood glucose, and high glycosylated hemoglobin, but had normal levels of insulin compared with normal rats. We considered that the animals were in a stage of insulin resistance that reflected relative insulin deficiency.
Astragalus membranaceus has been previously shown to have beneficial effects on antioxidant, antihypertensive, and immunomodulatory functions. The primary source of APS is the root of this herb, which is also the plant part that has benefits in traditional medicine. Consistent with previous studies, we provided evidence that APS has significant blood glucose lowering activity and insulin-sensitizing effects in our animal model. We use the value of random blood glucose to observe the condition of animals in general for APS treatment. It is not the "gold standard" because it has a fluctuation by the influence with the animals which just have diet. However, APS could decrease the random blood glucose significantly in contrast to diabetes group. APS could also improve the hepatic glycogen content and increase glycogen synthesis. Most importantly, we showed that APS strongly activates AMPK activity in both the in vivo animal model and the in vitro cell model.
Recently, AMPK has become the focus of a great deal of attention as a novel therapeutic target for the treatment of [13] . AMPK has been demonstrated to mediate a number of pharmacological and physiological factors that exert beneficial effects on T2DM. Thus, the discovery of any novel activator of the AMPK pathway could contribute significantly to the prevention and treatment of T2DM. AMPK activation can cause insulin sensitization and modulate plasma glucose level through its action on liver and muscle, which can exert beneficial effects on type 2 diabetes patients [14, 15] . Our present data indicate that AMPK is the major pathway affected by APS treatment for alleviating glucose toxicity. APS induced a variety of beneficial metabolic effects that were consistent with AMPK activation, including activation of phosphorylation of ACC and activation of GLUT4 translocation.
There are two major mechanisms for increasing glucose transport in skeletal muscle. One is the insulin signaling pathway, by which activation of PI-3 kinase/Akt phosphorylation leads to GLUT4 translocation to the plasma membrane [32] . The other is the AMPK signaling pathway. Increasing evidence suggests that AMPK mediates the effect of insulin-independent stimuli for glucose uptake [33] . Indeed, the activation of AMPK in response to muscle contraction during hypoxia can be closely correlated with an increase in glucose uptake in the muscles. Initial work regarding the role of AMPK in the control of glucose uptake suggested that the activation of AMPK promotes the translocation of GLUT4 to the plasma membrane, via a PI-3 kinase-independent pathway.
Recently, several studies have suggested that AMPK may also enhance insulin sensitivity, both in vitro and in vivo. The interference of AICAR was shown to enhance insulinstimulated GLUT4 translocation and glucose uptake in Wistar rats [34] . AMPK may also be activated via a PI-3 kinase pathway in vascular endothelial cells [35] . Some other reports suggest that AMPK functions upstream of Akt signaling [36] . A correlation does indeed exist between insulin and the AMPK signaling pathways. However, recent data on this subject are as yet highly controversial. In our study, we have demonstrated that APS induces glucose uptake in an AMPK-dependent pathway in C2C12 cells. In a previous study, we found that APS can potentiate the insulin signal by activating Akt and therefore can increase the complexity of intercommunication between these two signals. However, these two signals, which are highly cell type-dependent and experimental conditiondependent, appear to have interaction with each other. As a result, further studies are required to elucidate the precise mechanism interconnecting these two signal pathways.
It is interesting to compare the pharmacological effects of APS with metformin, another significant insulin-sensitizing medicine. Based on the data presented in the current study, APS and metformin show a number of features in common. Metformin decreases blood glucose and improves insulin sensitivity in both human and animal models of insulin resistance. A major mode of action of metformin is via activation of AMPK [15] . APS treatment displays similar effects to those of metformin, but the mechanism by which APS activates AMPK is not yet known. Two different kinases, LKB1 and calmodulin-dependent protein kinase kinase (CAMKK) have recently been identified as novel upstream AMPK kinases [37, 38] . LKB1 activates AMPK in response to energy stress and CAMKKb appears to be responsive to calcium changes, although their physiological relationship to the AMPK pathway will require further investigation [39, 40] . In our future studies, we will investigate the mechanism of how APS actives AMPK, which may perhaps turn out to be via a similar mechanism to that of metformin.
In summary, our findings support the notion that the polysaccharides from Astragalus, a traditional Chinese herb, decrease blood glucose and improve insulin sensitivity in animal models of diabetic insulin resistance, at least in part by activating AMPK. Collectively, these effects lead to increased glycogen synthesis and glucose translocation, which can alleviate glucose toxicity in vivo and in vitro. APS clearly has potent antidiabetic effects and is a prime candidate for therapeutic trials for the treatment of T2DM.
